Improving stem cell therapy is a major goal for the treatment of muscle diseases, where physiological muscle regeneration is progressively exhausted. Vessel-associated stem cells, such as mesoangioblasts (MABs), appear to be the most promising cell type for the cell therapy for muscular dystrophies and have been shown to significantly contribute to restoration of muscle structure and function in different muscular dystrophy models. Here, we report that melanoma antigen-encoding gene (MAGE) protein necdin enhances muscle differentiation and regeneration by MABs. When necdin is constitutively overexpressed, it accelerates their differentiation and fusion in vitro and it increases their efficacy in reconstituting regenerating myofibres in the a-sarcoglycan dystrophic mouse. Moreover, necdin enhances survival when MABs are exposed to cytotoxic stimuli that mimic the inflammatory dystrophic environment. Taken together, these data demonstrate that overexpression of necdin may be a crucial tool to boost therapeutic applications of MABs in dystrophic muscle.
Adult mammalian skeletal muscle is a stable tissue with slow turnover. Nonetheless, it has the ability to complete a rapid and extensive regeneration in response to severe damage generated by direct trauma or genetic defects. Local cues lead to the activation of quiescent myogenic precursors, the satellite cells, that form new myofibers and reconstitute a contractile function. 1 A fraction of activated cells returns to a quiescent state, to maintain a more or less constant pool of satellite cells. This self-maintenance mechanism cannot, however, compensate for the chronic loss of myonuclei throughout lifetime, as reflected by the reduction in satellite cell number with aging, or by their depletion due to continuous activation of muscle repair in dystrophic muscles. 2 Indeed, in the most severe forms of muscular dystrophy, such as Duchenne muscular dystrophy (DMD), muscle regeneration is progressively exhausted, leading the patient to complete paralysis and death. Therapeutic approaches based on the exogenous stem cell administration have been proposed with success in animal models of the disease. In particular, the mesoangioblasts (MABs) 3 are a population of vessel-associated stem cells that have been shown to contribute to muscle repair when transplanted in dystrophic mice and dogs. 4, 5 Despite the identification of MABs as potential sources of skeletal muscles, and the experimental evidence that they can be used to support in-vivo skeletal myogenesis, the molecular mechanism regulating their growth, survival and differentiation into skeletal muscle remains largely unexplored. Designing tools to boost these processes may be a crucial step toward the optimization of cell therapy, and many genes and molecules are now being investigated to manipulate their fate.
Among these molecules, necdin may be one ideal candidate. Necdin (Ndn) is a member of melanoma antigenencoding gene (MAGE) protein family. 6 It is a maternally imprinted gene that maps on a chromosomal region known to be deleted in patients suffering from the Prader-Willi syndrome (PWS). 7 Necdin null mice exhibit some of the features of PWS patients, and the absence of necdin impairs differentiation and maturation of hypothalamic neurons. 8, 9 In skeletal muscle, necdin has a pivotal role in tissue differentiation and maintenance. 10, 11 In particular, we provided the first evidence that this protein is required for proper myoblast differentiation, for the normal postnatal muscle fiber growth, and for the efficient repair upon muscle injury. 10 We showed that necdin acts at different levels: it cooperates with MyoD to promote the transcriptional activation of myogenin; in addition, it exerts a pro-survival, anti-apoptotic action counteracting the cytotoxic effect of several apoptotic agents. 10 Furthermore, we recently showed, in a mouse model and in human patients, that necdin counteracts muscle wasting specifically induced by cachexia, a pathology in which atrophy is associated with tumor load. 12, 13 In this context, necdin exerts its protecting effect by interfering with tumor necrosis factor alpha (TNFa)-activated signaling at various levels and it is associated with a regenerative response of the muscle to wasting.
These evidences prompted us to investigate whether necdin function could be exploited to improve the performance of vessel-associated stem/progenitor cells in dystrophic skeletal muscle regeneration. We demonstrate here that necdin is indeed able to accelerate and enhance myogenic differentiation of MABs and to increase cell survival, thus leading to a more efficient reconstitution of the dystrophic muscle.
Results
Characterization of necdin overexpressing MABs. We isolated MABs from biopsies of muscles of adult (6-month old) C57 mice exactly according to Tonlorenzi et al. 14 ( Figure 1a ). Proliferating MABs (wt MABs) express very low level of necdin, therefore to study its role in these cells we generated a cell line that overexpresses necdin constitutively: we produced a lentiviral vector expressing necdin under the constitutive PGK promoter and eGFP under the CMV promoter in opposite orientation, to infect wt MABs (NDNMABs) (Figure 1b) . As a control, we transduced the same cells with the lentiviral vector expressing only eGFP (GFPMABs). Cells were fluorescence-activated cell sorting (FACS) sorted for the GFP expression (around 80% of the total number of cells did express GFP) and after two passages both NDNMABs and GFPMABs express high level of GFP fluorescent signal by immunofluorescence or FACS analysis (Figure 1b and not shown). Quantitative PCR (qPCR) analysis show that NDNMABs express necdin around 0.018-fold respect to GAPDH and 43000 folds respect to GFPMABs (Figure 1c; Supplementary Figure 1A ). Western blot analysis shows indeed a greater expression of necdin in NDNMABs, respect to GFPMABs (Figure 1d ).
Proliferation curve demonstrated that all cells, transduced or not, grow at the same rate (Figure 1e) . FACS, RT-PCR and qPCR analysis confirmed that the three populations retained MAB markers (CD34, Sca1, a7 integrin) and express pericyte markers (NG2, PDGFR and alpha-smooth muscle actin (aSMA), without significant differences (Figures 1f-h; Supplementary Figure 1B) . Likewise, none express endothelial markers, such as VE cadherin, nor Pax7, marker of satellite cell-derived myoblasts (Figure 1g; Supplementary Figure 1B) .
MABs have been demonstrated to differentiate efficiently in different cell types. We, therefore, tested the ability of GFPMABs and NDNMABs to respond to smooth muscle and adipogenic differentiation cues. Induction by transforming growth factor beta (TGFb) led to a high and comparable smooth muscle differentiation frequency in the two populations as seen by the presence of a comparable number of aSMA-positive cells with smooth muscle morphology (Figures 2a and b) , and by the increased expression of smooth muscle myosin (smMHC) and Smoothelin, as differentiation proceeds (Figure 2c ). We also show that the levels of Msx2, a gene we have previously described to cooperate with necdin in smooth muscle differentiation of MABs, 15 do indeed increase over time (Figure 2c ). After treatment with an adipogenesis inducing medium, NDNMABs showed a number of terminally differentiated, Oil Red-positive cells, that is comparable to that of GFPMABs (Figures 2d and e) , but interestingly NDNMAB cells expressed a decreased level of adipogenic markers (AP2 and PPARg) at all time points (Figure 2f ), suggesting that Necdin slows adipogenic differentiation of MABs.
Necdin accelerates MAB cells myogenic differentiation and fusion. Unlike their embryonic counterpart, MABs derived from adult muscle are able to differentiate in skeletal muscle cells spontaneously, without the need of co-culture with myoblasts and yet they differ from satellite cells because do not express Pax7 14, 16 ( Figure 1g ; Supplementary Figure  1B) . Skeletal muscle differentiation was induced by culturing NDNMABs and GFPMABs in muscle-differentiation medium ( Figure 3a ) and fusion index was calculated to compare their differentiation potential: NDNMABs showed a higher fusion index (NDNMABs: 54%; GFPMABs: 26%), with the progressive appearance of an increased number of myotubes with more nuclei over time, and in particular with 410 nuclei at 6 days (Figures 3b and c) .
Enhanced differentiation potential of MABs overexpressing necdin may depend on a different level of expression of myogenic factors leading to an increased expression of muscle-specific cytoskeletal proteins and/or decreased cell death. We first analyzed the expression of MyoD, Myogenin and Myosin Heavy Chain during a time course skeletal muscle differentiation.
Protein and RNA were extracted from GFPMABs and NDNMABs at the beginning of differentiation (T0) and after 3 (T3) and 6 (T6) days. The increased fusion index we observed in NDNMABs was accompanied by increased expression of Myogenin and MyHC, both at RNA and at protein levels (Figures 3d-f) , indicating that necdin accelerates myogenic differentiation by promoting the expression of myogenic factor and then of specific cytoskeletal proteins. Results were expressed as mean ± S.E.M. of five independent experiments. **Po0.005, ***Po0.0005. (f) qPCR on cells undergoing adipogenic differentiation, at day 0, 4, 7 and T14 after addition of the differentiation medium (T0, T4, T7 and T14) using primers specific for the adipocyte marker aP2 and PPARg. All data points were calculated in triplicate as gene expression relative to endogenous cyclophilin A expression. Data are represented as the mean ± S.E.M. of five independent experiments; **Po0.01, ***Po0.001
MyoD RNA but not protein levels appear slightly increased in NDNMABs at T3 and T6. Necdin levels in GFPMABs remain the same over time, while it appears that viral mediated necdin expression in NDNMABs increases at T3 and then decrease at T6, both at RNA and at protein level (Figures 3d-f) .
In C2C12 myoblasts, we have described that necdin binds to the myogenin promoter and therefore cooperates to the transcription of this gene. 10 We investigated whether this mechanism of action was conserved in MABs differentiation. Chromatin immunoprecipitation was performed on NDNMABs Figure 3 Necdin enhances myogenic differentiation. (a) Skeletal muscle differentiation assay. GFPMABs (left column) and NDNMABs (right column) were cultured for 3 (T3, top row) and 6 (T6, bottom row) days in differentiating medium (DMEM with 2% horse serum). Immunofluorescence was performed with a specific antibody against Myosin Heavy Chain (MF20) (red). Nuclei were stained with Hoechst (blue). Scale bar: 100 mm. (b) Absolute fusion index was determined at T6 counting the percentage of MHCpositive nuclei over the total number of nuclei. An average value was determined by counting cells in at least 10 microscopic fields (500-700 cells/field). Results were expressed as mean ± S.E.M. of five independent experiments. *Po0.05. (c) Relative fusion index was determined at 3 (T3, left) and 6 (T6, right) days in differentiating medium by counting the number of MHC-positive myotubes, according to the number of nuclei per cell. Results were expressed as the mean ± S.E.M. of five independent experiments. *Po0.05, **Po0.005, ***Po0.0005. (d) Time course of skeletal muscle differentiation was evaluated by qPCR analysis for MyoD, Myogenin, MHC and necdin expression in GFPMABs and NDNMABs. All data points were calculated in triplicate as gene expression relative to endogenous cyclophilin A (for MyoD, Myogenin and MHC) or GAPDH (for Necdin) expression. Data are represented as the mean ± S.E.M. of five independent experiments. *Po0.05, **Po0.01, ***Po0.001. (e and f) Western blot analysis with specific antibodies against MyoD, myogenin, MHC and Necdin in GFPMABs and NDNMABs at different time points during skeletal muscle differentiation. GAPDH protein level was used as an internal loading control. Graphs (e) show mean values ± S.E.M. obtained from the ratio of densitometric values of protein/GAPDH bands on the blot of the same experiments. Data are representative of five independent experiments. *Po0.05, **Po0.01, ***Po0,001. The western blot in (f) shows a representative experiment. (g) Soluble chromatin was prepared from cultures of NDNMABs differentiated for 72 h in differentiating medium, and immunoprecipitated with an antibodies specific for necdin. Parallel extracts were exposed to rabbit IgG and to rabbit HA as control for non-specific precipitation of chromatin. Precipitated genomic DNA was analyzed by PCR, using primers designed to amplify sequences in the myogenin promoter. Input refers to DNA input control in which PCR amplification was performed before immunoprecipitation. A sample where no antibody was used for immunoprecipitation was run in parallel (no Immune) as in Deponti et al. 10 We found indeed that necdin was equally able to bind this DNA sequence that was precipitated by anti-necdin antibody (Figure 3g ), indicating that this maybe one direct mechanism of action leading to enhanced myogenic differentiation of NDNMABs.
Necdin protects MABs from cell death. An important aspect of the acute and chronically damaged muscle is that it originates a pro-apoptotic microenvironment in which cytokines such as TNFa, and reactive oxygen species, generated by both the necrotic fibers and cells of the immune system infiltrating the muscle, 17 that may contribute to the limited effect of myogenic cells transplantation.
Our previous studies revealed that necdin acts as a prosurvival factor in muscle cells. 10 We investigated whether necdin has the same role also on MABs. Proliferating GFPMABs and NDNMABs were exposed either to staurosporine (2 mM) for 3 h or overnight to the reactive oxygen species arsenic trioxide (As 2 O 3 ) (20 mM). After treatment, we evaluated cell death by measuring propidium iodide (PI) incorporation by FACS.
Figures 4a and b (Supplementary Figure 2A) ) and we observed that NDNMABs showed a 35% increase in cell vitality respect to GFPMABs.
In addition to the marked reduction of the GFP À PI high population, we also observed a reduction in the number of the GFP þ PI low population. In particular, after staurosporine treatment, NDNMABs showed a 30% decrease and, after As 2 O 3 treatment, a 50% decrease of the apoptosing cell population, if compared with GFPMABs. These data confirmed that overexpressing necdin MABs resist better to the different apoptotic treatments used, thus demonstrating that necdin has a crucial role in cell survival also in vesselassociated myogenic progenitors.
Necdin promotes MAB-mediated muscle reconstitution in vivo. These encouraging results in vitro led us to investigate whether necdin could optimize MABs contribution to muscle repair in vivo, in a murine model of muscular dystrophy, the a-sarcoglycan null (a-SG À/À ) mice. We performed intramuscular injections of GFPMABs and NDNMABs in the Tibialis Anterior (TA), quadriceps (QUAD) or gastrocnemius (GASTRO) of 4-month-old a-SG À/À mice. We injected 5 Â 10 5 cells in 50 ml of physiological solution (TA) and 7 Â 10 5 cells in 70 ml of physiological solution (QUAD and GASTRO). To have an internal control, we injected GFPMABs in the right muscles and NDNMABs in left muscles of the same mouse.
We first detected the ability of MABs to survive in the inflammatory microenvironment of dystrophic muscles. To this end, we transplanted GFPMABs or NDNMABs in muscles of a-SG À/À mice, we killed them 24 h later and we collected treated muscles for subsequent experiments (Supplementary Figure 3A) . Since in-vivo necrotic MABs, that have lost the GFP expression, cannot be discriminated anymore from other host cells, we focused our analysis on the detection of early and late stages of apoptosis.
We combined TUNEL assay with immunofluorescence against GFP. Counting on muscle serial sections, we demonstrated that muscle transplanted with NDNMABs contained a decreased number of apoptosing Tunel þ GFP þ cells, respect to control MABs (Figures 5a and b) .
We collected mRNA from muscles injected with MABs and we evaluated the number of surviving and transcriptionally active MABs by qPCR using specific primers for GFP. We normalized the level of GFP messenger in each injectedmuscle sample with that corresponding to the total input of injected cells. We demonstrated that muscles treated with NDNMABs showed a greater GFP expression, indicating a higher survival level of these cells, and we can indirectly estimate the number of dead MABs that are no longer detectable in the muscle (Figure 5c ).
Moreover, we performed a FACS analysis on single cells dissociated from the transplanted muscles and we evaluated the amount of apoptotic MABs as the number of GFP-positive cells that are also positive for 7-amino-actinomycin D (7AAD). We demonstrated that muscles injected with GFPMABs contained almost double the amount of GFP þ 7AAD þ respect to NDNMAB-injected muscles (Figures 5d and e ; Supplementary Figure 2B ).
All these data are in agreement with the in-vitro results, indicating that overexpression of necdin confers to MABs a higher resistance to cell death.
We, therefore, determined the ability of these cells to regenerate new muscle fibers by evaluating the restoration of a-SG expression in regenerating fibers. We performed immunofluorescence staining for a-SG on cryosections of TA muscles of a-SG À/À mice treated with intramuscular injections of GFPMABs and NDNMABs and killed 14 days after the injection and of wt or a-SG À/À mice as controls. Sections from mice treated with NDNMABs showed higher number of a-SG-positive fibers (Figure 6a) . Some of the MABs that do not contribute to the new regenerating fibers, remain in the interstitial space between fibers, together with other cells, such as macrophages, that infiltrate the dystrophic muscle (Supplementary Figure 3B-C) .
Accordingly, muscles treated with NDNMABs showed a higher level of a-SG expression respect to muscles treated with GFPMABs both as RNA, as revealed by real-time PCR analysis (Figure 6b ) and as protein, measured by western blot (Figure 6c ).
Discussion
There is actually no cure for muscular dystrophies, although many strategies are entering clinical experimentation. Among these, stem cell therapy is an attractive approach and research in this direction has moved very rapidly in the last years. Stem cell populations with myogenic potential can be isolated from multiple regions of the body. 18, 19 Until now, MABs appear to fulfil most of the features required for a clinical use in human patients 3, 14, 16 and have shown to significantly contribute to the restoration of the muscle structure and function in mouse and dog models of muscular dystrophy. 4, 5, 20 Still protocol optimization for cell therapy is ongoing, and different drug and gene therapy approaches have been investigated to improve their clinical outcome.
For example, the treatment of dystrophic mice with nitric oxide plus NSAIDs 21 and/or the treatment of MABs with NO, SDF1, S1P or HMGB1 improved to different levels and with different mechanisms either homing or survival of MABs in skeletal muscle, increasing their therapeutic effectiveness. [22] [23] [24] [25] Here, we demonstrate that the efficacy of MABs cells to reconstitute dystrophic muscle is improved by the expression of the MAGE protein necdin. Importantly when necdin is overexpressed, both the myogenic differentiation and survival of MABs were enhanced both in vitro and in vivo.
We have previously shown that necdin has an important role in skeletal muscle differentiation and maintenance by satellite-derived myoblasts in different conditions of muscle damage or wasting;
10,12 therefore, we constitutively overexpressed necdin in adult MABs. We found that necdin, when overexpressed in MABs, causes a higher fusion rate in vitro, suggesting that necdin is required to increase their differentiation potential by promoting new myofiber growth and fusion. To understand the molecular mechanisms that regulate this process, we first investigated if necdin could act on transcriptional pathways, as we already demonstrated for satellite-derived myoblasts. 10 In myoblast cultures from the gain of function transgenic mice (MlcNec), increased expression correlates with an increased fusion index and with changes in the expression of different myogenic markers, including myogenin and sarcomeric myosin. In particular, we found that necdin acts through a transcriptional regulation of myogenin, in cooperation with MyoD. Here, we found that in MABs triggered to differentiate into skeletal muscle, an increased expression of necdin led to an accelerated myogenesis and to a higher rate of fusion. This correlates with higher levels of myogenin and skeletal myosin, suggest- ing that necdin have a similar role in controlling the action of myogenic regulatory factors. We indeed demonstrate that this effect maybe linked to a direct transcriptional action of necdin, since it is able to bind to the same promoter sequence of the Myogenin gene, as it does in myoblasts. 10 Most importantly necdin did not trigger myogenic differentiation alone, but only when a differentiation stimuli is provided. This is of great importance since ideally the stem cells should differentiate only upon reaching the damaged muscle, where the environment of the remodeling tissue can trigger myogenic differentiation. Therefore, cells overexpressing necdin, even at very high levels, but in conditions that do not favor differentiation, and in absence of other myogenic regulatory factors behave as controls, in terms of proliferation and expression of specific molecular markers.
Furthermore, the differentiation enhancement is limited to skeletal myogenesis: smooth muscle differentiation is not affected. This is in agreement with what we described previously: necdin is indeed involved in smooth muscle differentiation of MABs but only in combination with the transcription factor Msx2, 15 that is not expressed in proliferating MABs, nor GFPMABs nor NDNMABs, but that is moderately upregulated upon smooth muscle differentiation stimuli (e.g., TGFb).
We also observed that a similar amount of terminally differentiated adipocytes (Oil Red O-positive cells) are present at the end of the treatment with an adipogenic differentiation medium, whether necdin is overexpressed or not. Interestingly, time course analysis of adipogenic markers shows that overexpression of necdin decreases their levels of expression. Necdin inhibition of adipogenic differentiation of pre-adipocytes has been previously described, 26, 27 but no data are available on the co-factor that may cooperate with necdin in this process, and more experiments will be required to get more insight into this issue. There is evidence that in the aged or dystrophic muscle mesenchymal progenitors distinct from satellite cells contribute to ectopic fat cell formation in degenerating skeletal muscle, in aging or dystrophy. 28 It is also still unclear whether this environment could trigger adipogenic conversion of myogenic precursors, therefore leading to an additional muscle loss. 29 It would be of great importance to get more insights into the role of necdin in this fate choice, since overexpression of necdin could not only lead to an increased myogenic differentiation of endogenous or transplanted myogenic precursors, but at the same time inhibit their adipogenic differentiation.
Necdin has been also demonstrated to have a role as antiapoptotic protein. In particular, we demonstrated that necdin interacts both with caspase-3 and caspase-9 pathways in satellite cells. 10 Since the reduced ability of MABs to resist the cytotoxic environment existing in the damaged muscle maybe one of the main reasons for their partial effect, we tested this possibility by exposing MABs to cytotoxic stimuli and found that necdin protects MABs from cell death.
In agreement with these results in vitro, we showed that MABs overexpressing necdin, when delivered in a-SG À/À mice, are able to better survive in the cytotoxic dystrophic environment. More interestingly, it provides a greater contribution to muscle repair, as demonstrated by an increased expression of a-SG and restoration of a-SG expressing muscle fibers. We show that some undifferentiated MABs, both GFPMABs and NDNMABs, are retained in the interstitium of the dystrophic muscle, where other cells are present, in particular macrophages. 17 We think our results open a new way to manipulate MABs fate. Recently, a Human Artificial chromosome vector (HAC vector) has been manipulated to contain the entire human dystrophin gene including its entire transcriptional regulatory elements (DYS-HAC). 30 This DYS-HAC was stably maintained in mice and cultured human cells, and mice derived from ES containing this HAC were expressing the transgene. This system, whether successfully applied to the MABmediated stem cell therapy approach, could be additionally exploited to contain not only dystrophin, but also a series of other genes, to optimize the feature of the stem cells. In this light, necdin could provide transplanted cells with the ability to better survive and to differentiate efficiently when in the appropriate conditions, without interfering with their properties, and to contribute to an optimal skeletal muscle reconstitution.
One critical concern on the use of necdin in the optimization of stem cell therapy is the potential tumorigenic risk. Many proteins of the MAGE family, in particular those belonging to Type I (MAGE A, B and C), are characterized by a wide expression in a variety of malignant tumors, and are being considered as highly attractive targets for cancer immunotherapy. 31 However, other than this association, little is known regarding their functions in cell activities and in tumor initiation and progression. Necdin is on the other hand a member of Type II proteins that are expressed in normal tissues. Necdin has been also suggested having a role as a tumor suppressor gene. 32 Long-term studies on mice overexpressing necdin or on immunodeficient mice injected with cells overexpressing necdin will be certainly required to address this issue.
Detailed studies on the molecular mechanism of the effect of necdin in myogenic stem cells and in general in muscle regeneration are on their way to further enhance its action, which may be a crucial step toward the optimization of cell therapy by MABs or other stem cells.
Materials and Methods MAB cell culture and in-vitro differentiation. MABs were isolated and cultured exactly as previously described in Tonlorenzi et al.
14 Specifically, adultderived murine MABs were isolated from muscular biopsies of a 6-month-old C57BL/6 mouse hind legs. After dissecting both the TA and rinse them in PBS with Ca 2 þ -Mg 2 þ to remove residual blood, they were carefully cleaned from adipose and connective tissues, trying to identify portions of interstitial tissue containing small vessels. The fragments were minced in 1-2 mm pieces and transferred onto collagen type I-coated dishes and incubated at 371C, 5% CO 2 and 5% O 2 in proliferation medium consisting of Dulbecco's modified Eagle's medium (DMEM) supplemented with 20% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 IU/ml penicillin and 100 mg/ml streptomycin. After 5-8 days at 371C, besides initial outgrowth of adherent cells, mainly consisting of large and flat fibroblasts, MABs could be discerned as small, poorly adhering and very refractile cells. The mixed population was enzymatically dissociated by collagenase/dispase treatment and cloned by limiting dilution in 96-multiwell dishes. After 7-10 days, first clones of cells were distinguishable and propagated in proliferation medium. After few passages most of the clones adopted a large, flat morphology and underwent proliferative senescence. However, few clones retained a small, refractile, morphology with the ability to proliferate for at least 40 passages.
MABs were induced to differentiate to smooth muscle as described in Tagliafico et al. 33 and to induce the adipogenic differentiation the STEMPRO Adipogenesis Differentiation Kit (GIBCO, Grand Island, NY, USA) was used, according to the manufacture's protocol. After 10 days, cells were washed in PBS, fixed in 4% PFA for 5 min at room temperature and subsequently incubated with Oil Red O solution, as previously described. 14 The proportion of cells differentiating in each different cell type was calculated by counting the cells expressing the appropriate differentiation markers against the total number of cells. The average number was determined by counting cells in at least 10 microscopic fields (170-200 cells/field), in at least 5 independent experiments.
MABs derived from adult muscle can spontaneously differentiate into multinucleated skeletal myotubes when cultured onto matrigel-coated plastic support in differentiation promoting medium (complete medium supplemented with 2% horse serum).
Lentiviral vector preparation and MABs transduction. The control GFP lentiviral vector and the necdin lentiviral vector (in pCCL.sin.cPPT. SV40polyA.eGFP.minCMV.hPGK.Wpre) were generated and prepared as described in Deponti et al.
10
Viral titer was determined by GFP fluorescence infecting HeLa cells with serial dilution of the virus. The final MOI was 10 7 TU/ml. After 24 h in culture, MABs were transduced with an MOI of 100 in proliferation medium overnight. The next day, the medium was changed and cells were maintained in proliferation medium for one passage and then subjected to FACS for GFP-positive cells.
We generated six different lines overexpressing Necdin and four control lines. Necdin expression in NDNMABs ranged from 0.003-to 0.018-fold GAPDH expression (Supplementary Figure 1A) and expression was 834-4938-fold the expression in GFPMABs. Necdin expression in GFPMABs ranged from 0.000004-to 0.000006-fold GAPDH expression (average Ct, GFPMABs: 31; NDNMABs: 20; GAPDH: 13). Since in a preliminary analysis we did not observe toxicity, and the effect on proliferation, differentiation or survival in vitro was similar, we have decided to further characterize a single line for each construct.
Generation of the growth curve. MABs from the different genotypes were seeded at a density of 2 Â 10 3 cells per cm 2 of surface area in 6-well plates or T25 flasks in duplicate. Cell number was assessed by direct cell count and viable cells were judged by Trypan blue dye (Sigma, St. Louis, MO, USA) exclusion. The duplicate plates were counted every 24 h and the results were plotted on a logarithmic scale.
Flow cytometry analysis. The monoclonal antibodies used for this analysis were the following: anti-a7integrin-PE (MBL), anti-Sca1-APC and anti-CD34-Alexa 647 (eBioscience, San Diego, CA, USA).
MABs were harvested, washed twice with PBS, resuspended in blocking solution (10% FBS in PBS) and incubated for 15 min at room temperature. Subsequently, cells (2 Â 10 5 per tube) were incubated with various combinations of conjugated antibodies for 45 min at 41C in the dark, according to the manufacture's recommendations. The background level was estimated by omitting the primary antibody. After PBS washing, cells were fixed in 1% PFA before FACS analysis.
Cell analysis was performed on at least 10 000 events for each sample and determined using the Accuri C6 Flow Cytometer System (Franklin Lakes, NJ, USA) equipped with a blue (488 nm) and a red (640 nm) laser, two scatter detectors, and four fluorescence detectors with interference filters optimized for the detection of FITC, PE, PerCP-Cy5.5 and APC. The analysis was performed using the Accuri CFlow software (Franklin Lakes, NJ, USA). A primary gate based on the physical parameters (forward and side light scatter, FSC and SSC, respectively) was set to exclude dead cells or small debris.
Immunofluorescence. Immunofluorescence on cell cultures and cryosections was performed according to Brunelli et al, 15 using antibodies specific for sarcomeric myosin MF20, a-SMA (Sigma), laminin (Abcam, Cambridge, UK), GFP (Chemicon International, Temecula, CA, USA), Necdin (Upstate Biotechnology, Waltham, MA, USA), CD68 (AbD Serotec, Kidlington, UK) and alpha-sarcoglycan (anti-SGCA, Sigma). For fluorescence detection, appropriate secondary antibodies conjugated with either Alexa 488 (green; Invitrogen, Carlsbad, CA, USA) or Alexa 594 (red; Invitrogen) or Alexa 647 (purple, Invitrogen) were used. Nuclei were stained with Hoechst.
To compare the ability of MABs from the different genotypes to fuse and differentiate into multinucleated myotubes, we evaluated both the relative fusion index, counting the number of MHC-positive myotubes, calculated as the number of nuclei per cell, after 3 and 6 days in the differentiating medium, as well as the absolute fusion index, calculated as the percentage of MHC-positive nuclei over the total number of nuclei after 6 days in differentiation medium. An average value was determined by counting cells (500-700 cells/field) in at least 10 microscopic fields. Results were expressed as mean ± S.E.M. of five independent experiments.
RT-PCR. RNA (1-2 mg) collected from cells or tissues using RNeasy Mini (or Micro) kit (Qiagen, Germantown, MD, USA) or the TRIzol protocol (Invitrogen) was converted into double-stranded cDNA using the cDNA synthesis kit 'High Capacity Reverse Transcription Kit' (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions. Real-time qPCR was carried out with a real-time PCR system (Mx3000P; Stratagene, La Jolla, CA, USA). Each cDNA sample was amplified in triplicate by using the SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) for cyclophillin
0 Fw; 5 0 -GGTGAGCGTGGTAGGTGAGT-3 0 Rev). Quantification has been performed using the DCt method using as reference gene cyclophillin A or GAPDH, or the Livak method for relative gene expression analysis, using as reference value the value of wt MABs or GFPMABs.
Chromatin immunoprecipitation. ChIP assay was performed as previously described 10 on 6 Â 10 6 of overexpressing Necdin MABs grown in differentiating medium for 3 days.
The input DNA was an aliquot of the supernatant from the centrifuged sonicate (DNA size range: 200-1000 bp). The chromatin was immunoprecipitated with normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-HA (Santa Cruz Biotechnology) and rabbit anti-necdin (Upstate Biotechnology, Waltham, MA, USA). PCRs were performed on the purified immunoprecipitated DNA with GoTaq (Promega) and the primers used were myogenin (5-GAATCACATGTAATCCACTGGA-3 FW, 5-ACGCCAACTGCTGGGTGCCA-3 REV) and b-actin (5-GCTTCTTTGCAGCTC CTTCGTTG-3 FW, 5-TTTGCACATGCCGGAGCCGTTGT-3 REV).
Cell resistance to cell death. MABs from the different genotypes were incubated with or without 2 íM staurosporine for 3 h or with or without 20 íM As 2 O 3 overnight. Cells were detached and stained with PI according to the kit's manufacturer's instructions and analyzed by flow cytometry as described. 24 Protein extracts and immunoblot analysis. Muscles tissue were homogenized or cells were scraped in 20 mM Tris-HCl pH 8.8, 5 mM EDTA, 10% glycerol, 50 mM NaF, 1% Triton X-100 and protease inhibitor cocktail (Sigma) and centrifuged for 10 min at 13 000 r.p.m. at 41C to discard cellular debris. After electrophoresis, proteins (30-40 mg) were electrophoretically transferred onto nitrocellulose filters and antigens revealed by the respective primary Abs and the appropriate secondary Abs, as already described. 10 The antibodies used were antiNecdin (Upstate Biotechnology), anti-MyoD (Dako, Carpentaria, CA, USA), antisarcomeric myosin MF20 and anti-myogenin (from Developmental Studies Hybridoma Bank), anti-a-SG (Novocastra) and, to normalize protein levels, antib-tubulin (Covance, Emeryville, CA, USA) and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mAb (Biogenesis, Poole, UK).
In-vivo transplantation. Four-month-old a-SG À/À mice were injected by intramuscular delivery with 5 Â 10 5 (for TA) or with 7 Â 10 5 mouse MABs (for quadriceps and gastrocnemius) and animals were killed 14 days after transplantation. Different muscles were collected for real-time PCR or frozen in isopentane cooled by liquid nitrogen for histological analysis.
In-vivo cell survival assay. To identify MABs undergoing apoptosis in vivo, we performed, together with GFP immunofluorescence, TUNEL test using the ApopTag Red In Situ Apoptosis Detection Kit (Chemicon International) according to the manufacturer's instructions, on cryostat sections of OCT-embedded muscles of a-SG À/À mice recovered 24 h after MABs intramuscular injection.
Tissue digestion and flow cytometric analysis of cell death. Muscles of a-SG À/À mice were recovered 24 h after MABs intramuscular injection and finely minced. Each sample underwent four cycles of enzymatic digestion at 371C for 10 min in the presence of 3.5 mg/ml dispase (Invitrogen) and 0.5 mg/ml collagenase type V (Sigma). The single cell suspension was filtered to remove tissue debris. The isolated cells were harvested and resuspended in PBS 10% FBS. Cells were stained with 10 íg/ml of 7AAD (SigmaAldrich). Cell analysis was performed on at least 10 000 events for each sample and determined using the Accuri C6 Flow Cytometer System. The analysis was performed using the Accuri CFlow software. A primary gate based on the physical parameters (forward and side light scatter, FSC and SSC, respectively) was set to exclude dead cells or small debris.
Image acquisition and manipulation. Images in fluorescence and phase contrast have been taken on the Nikon microscope Eclipse E600 (Nikon Instruments S.p.a., Firenze, Italy) (lenses Plan Fluor: Â 4/013, Â 10/0.33, Â 20/ 0.50, Â 40/0.75), or on the Leica AF6000 (Leica Microsystems GmbH, Wetzlar, Germany). Images have been acquired using the Nikon digital camera DXM1200 (Nikon Instruments S.p.a.), and the acquisition software NIKON ACT-1, or using the DFC350 FX digital camera (Nikon Instruments S.p.a.) and the Leica AF600 acquisition software (Leica Microsystems GmbH), imaging medium, PBS buffer, room temperature. Images were assembled in panels using Adobe Photoshop 7.0 (Adobe Systems Inc., San Jose, CA, USA). Images showing double fluorescence were first separately acquired using the different appropriate filters, the two layers then merged with Adobe Photoshop 7.0.
